Introduction {#s1}
============

The primary motor cortex (M1) is considered a central region required for skilled voluntary movements. During voluntary movements, neurons of the M1 vigorously discharge to encode various parameters, such as force ([@BHW134C14]), direction ([@BHW134C18]), and speed of spontaneous movements ([@BHW134C42]). M1 neurons form a glutamatergic/γ-aminobutyric acidergic (GABAergic) neural circuit ([@BHW134C28]), and synaptic transmission efficacy can be altered through motor experience. For example, forelimb motor training reportedly strengthens horizontal connections in M1 layer II/III ([@BHW134C59], [@BHW134C58]). In vivo imaging studies further demonstrated structural remodeling of dendritic spines of the M1 pyramidal neurons after skilled motor tasks, suggesting the learning-dependent plasticity of the M1 ([@BHW134C76]; [@BHW134C78]; [@BHW134C79]; [@BHW134C37]).

Dendritic spines express glutamate receptors on their postsynaptic surface ([@BHW134C66]; [@BHW134C71]). Activation of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors induces fast excitatory transmission enabling memory and enhancement of task-related behavior, and *N*-methyl-[d]{.smallcaps}-aspartate (NMDA) receptor activation is implicated in maintenance of spatial memory and associative learning ([@BHW134C57]). Studies using virus-mediated in vivo gene delivery with in vitro patch-clamp recordings have also demonstrated that AMPA receptor delivery into the synapses is involved in synaptic strengthening ([@BHW134C38]; [@BHW134C70]). Recently, we further showed that AMPA receptor delivery into CA1 synapses is required for episodic memory ([@BHW134C39]). Since the LTP-like plasticity of M1 contributes to motor skill retention ([@BHW134C58]; [@BHW134C5]), we hypothesized that an increase of postsynaptic AMPA receptors leads to synaptic strengthening among layer II/III neurons.

Most research regarding plasticity focuses on excitatory synapses, but GABAergic inhibitory synapses are also strengthened by frequent presynaptic fiber stimulation ([@BHW134C4]; [@BHW134C33]). Experience-dependent plasticity of GABAergic synapses was first reported in the hippocampus ([@BHW134C9]). We further demonstrated that contextual memory requires both AMPA and GABA~A~ receptor-mediated postsynaptic plasticity, forming a wide diversity of excitatory/inhibitory inputs at hippocampal CA1 synapses ([@BHW134C40]). However, motor learning rapidly reduces local GABA concentration in the human sensorimotor cortex ([@BHW134C15]), suggesting that skilled motor learning may reduce GABAergic inhibitory transmission in the M1. In the present study, we further examined motor training-dependent plasticity at GABAergic synapses, as well as the balance of excitatory/inhibitory synaptic inputs ([@BHW134C36]).

Neuronal excitability after learning is impacted by synaptic plasticity, but also by long-term changes in neuronal properties, such as membrane potential, spike threshold, and afterhyperpolarization ([@BHW134C10]; [@BHW134C62]). In the hippocampus, operant conditioning training changes the intrinsic properties of CA1 neurons, without affecting the resting membrane potential or resistance ([@BHW134C43]; [@BHW134C63]). Olfactory training reduces afterhyperpolarization to enhance excitability in the piriform cortex, suggesting long-term plasticity of intrinsic excitability ([@BHW134C62]). However, it is completely unknown whether motor training changes neuronal properties in the M1.

Here we show that an accelerated rotor rod task promoted dynamic changes in the glutamatergic, GABAergic, and intrinsic plasticity in M1 layer II/III neurons. These findings provide functional evidence for the structural remodeling of dendritic spines after the motor skills training.

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

Male Sprague-Dawley rats (*n* = 166, Chiyoda Kaihatsu Co., Tokyo, Japan) were housed in individual plastic cages (40 × 25 × 25 cm), maintained at a constant temperature of 23 ± 1°C under a 12-h light/dark cycle, with water and food provided ad libitum. We used 67 rats for electrophysiology, 48 rats for Western blotting, and 51 rats for microinjection studies. All experiments were performed according to the Guidelines for Animal Experimentation of Yamaguchi University School of Medicine, and approved by the Institutional Animal Care and Use Committee of Yamaguchi University.

Motor Learning Test {#s2b}
-------------------

To evaluate changes in motor skills, we conducted the rotor rod test (ENV577; Med Associates Inc., St. Albans, VT, USA) with 4-week-old rats (Fig. [1](#BHW134F1){ref-type="fig"}*A*). Rats were assigned to either the naive group (untrained), the training group for one day (1-day trained), or the training group for 2 successive days (2-days trained). For each test, the rats were allowed 10 attempts with a 30-s time interval between trials. But in Figure [1](#BHW134F1){ref-type="fig"}*D*, the rats were subjected additional 5 attempts after the bilateral microinjections of drugs. The interval between the 10th trial and the 11th trial was 1--2 min. The rotor rod was set to increase from 4 to 40 rpm over 5 min, and the duration of rod-riding was recorded. Figure 1.(*A*) Experimental design of the rotor rod task. (*B*) Mean latency to fall from the barrel plotted for each trial (10 trials/day) in 2-days trained rats. (*C*) Mean latency at the first trial and the final trial on the first and second days of training. \*\**P \<*0.01 versus first. (*D*) Vehicle (open), CNQX (gray), or APV (filled) was bilaterally injected into the M1 after the 10th trial. \**P \<*0.05 versus vehicle. (*E*) Visualization of the microinjected site in the M1. CC, corpus callosum; M2, secondary motor cortex. (*F*) Hematoxylin staining of injection site (black asterisk). Scale bars, 200 µm. (*G*) Open field performance immediately after the bilateral microinjection of CNQX. (*H*) Vehicle, CNQX, or APV was bilaterally microinjected into the M1 before the 1st trial. Arrows indicate the microinjection timing. The number of rats in each group is shown in parentheses or at the bottom of each bar. \**P \<*0.05, \*\**P \<*0.01 versus vehicle. Error bars indicate ± SEM .

Microinjection of Drugs {#s2c}
-----------------------

To investigate how glutamatergic neurotransmission impacted motor function, CNQX or APV was infused into M1 layers II/III. With the rats under sodium pentobarbital anesthesia (30--50 mg/kg, i.p.), a stainless-steel guide cannula (CXGW-4; Eicom Co., Kyoto, Japan) was bilaterally implanted into the M1 layer II/III region according to the brain atlas ([@BHW134C50]). The coordinates were 1.2 mm anterior to bregma, 2.0 mm lateral to the midline, and 0.3 mm below the dura surface. After cannula implantation, a stylet was inserted into the guide until drug injection ([@BHW134C41], [@BHW134C40]).

One to 3 days after cannula implantation, the stylet was replaced with an injector and the experiment was conducted. We performed bilateral microinjection of vehicle (1 µL 13% DMSO per side), CNQX (1 µg/µL per side), or APV (1 µg/µL per side). Total amount of microinjection was 2 µL/animal. One minute following completion of injections, the injector cannula was removed from the guides. To investigate the mechanism of memory acquisition, the first trial on the first day of training was initiated immediately after bilateral microinjection of vehicle, CNQX, or APV into the M1.

To confirm acute effect of bilateral microinjection of CNQX on motor function, 1-day trained rats were tested in an open field test for 5 min immediately after the bilateral microinjection of vehicle or CNQX. The open field was a rectangular plastic box (length: 50 cm, width: 50 cm, height: 40 cm) with its floor equally divided into 36 squares and illuminated by white light (20 W). Sixteen squares were defined as the center, remaining 20 squares as the periphery. A rat was placed the center of the apparatus and its exploration was recorded with a video camera connected to tracer software (Muromachi Kikai Co., Tokyo, Japan). After the video recording, we analyzed time spent in the center area and total traveled distance during 5 min.

Electrophysiology {#s2d}
-----------------

Thirty minutes after their final rotor rod test, the 1-day or 2-days trained rats were anesthetized with pentobarbital, acute brain slices were prepared and whole-cell recordings were performed as previously described ([@BHW134C39], [@BHW134C40]). Briefly, the brains were quickly perfused with ice-cold dissection buffer (25.0 mM NaHCO~3~, 1.25 mM NaH~2~PO~4~, 2.5 mM KCl, 0.5 mM CaCl~2~, 7.0 mM MgCl~2~, 25.0 mM glucose, 110.0 mM choline chloride, and 11.6 mM ascorbic acid) and gassed with 5% CO~2~/95% O~2~. Coronal brain slices were cut into 350-μm slices with a Leica vibratome (VT-1200; Leica Biosystems, Nussloch, Germany) in dissection buffer and transferred to physiological solution (22--25°C, 118 mM NaCl, 2.5 mM KCl, 26 mM NaHCO~3~, 1 mM NaH~2~PO~4~, 10 mM glucose, 4 mM MgCl~2~, and 4 mM CaCl~2~, pH 7.4, gassed with 5% CO~2~/95% O~2~). We maintained 3--4 slices from each rat, and then selected 1--2 brain slices for patch recordings based on the brain atlas by [@BHW134C50]. Glass electrodes were made with a horizontal puller (Model P97; Sutter Instrument, Novato, CA, USA) and filled with a suitable solution. Whole-cell recordings were obtained from pyramidal neurons of M1 layer II/III, using an Axopatch-1D amplifier (Axon Instruments Inc., Union City, CA, USA). Recordings were digitized using a Digidata 1440 AD board (Axon), recorded at 5 kHz, and analyzed offline with pCLAMP 10 software (Axon).

The coordinates of recording cells were ∼1.2 mm anterior to bregma, 2.0 mm lateral to the midline, and 0.2--0.3 mm below the dura surface: the region corresponding to M1 forelimb representation ([@BHW134C46]; [@BHW134C30]).

Voltage Clamp Recordings {#s2e}
------------------------

The recording chamber was perfused with 22--25°C physiological solution. For the analysis of AMPA/NMDA ratio, we added 0.1 mM picrotoxin to block GABA~A~ receptor-mediated inhibition, and 4 μM 2-chloroadenosine to stabilize evoked neuronal responses ([@BHW134C1]). Patch recording pipettes (4--7 MΩ) were filled with intracellular solution (115 mM cesium methanesulfonate, 20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl~2~, 4 mM Na~2~ATP, 0.4 mM Na~3~GTP, 10 mM sodium phosphocreatine, and 0.6 mM EGTA at pH 7.25). A bipolar tungsten stimulating electrode (Unique Medical Co., Ltd., Tokyo, Japan) was positioned in the M1 region at 200--300 µm lateral from the recorded neurons. Stimulus intensity was increased from 0.4 to 0.7 mA until a synaptic response with amplitude of \>10 pA was recorded. The AMPA/NMDA ratio was calculated as the ratio of the peak current at −60 mV to the current at + 40 mV at 150 ms after stimulus onset (50--100 traces were averaged for each holding potential).

Miniature Recordings {#s2f}
--------------------

For miniature recordings, we used modified intracellular solution to adjust the reversal potential of the GABA~A~ receptor response (127.5 mM cesium methanesulfonate, 7.5 mM CsCl, 10 mM HEPES, 2.5 mM MgCl~2~, 4 mM Na~2~ATP, 0.4 mM Na~3~GTP, 10 mM sodium phosphocreatine, 0.6 mM EGTA, pH 7.25). Moreover, we added 0.5 µM tetrodotoxin (TTX; Wako Pure Chemical Industries Ltd., Osaka, Japan) and 0.1 mM APV (Sigma-Aldrich Co., Tokyo, Japan) to perfusate to block both action potentials and NMDA receptor-mediated excitatory postsynaptic currents. The voltage was clamped at −60 mV for mEPSC recording, and at +15 mV for mIPSC recording. We analyzed the frequency and amplitude of mEPSCs/mIPSCs above 10 pA. To calculate excitation and inhibition (E/I) balance, the value of miniature excitatory postsynaptic current (mEPSC) frequency or amplitude was divided by corresponding value of miniature inhibitory postsynaptic current (mIPSC) frequency or amplitude in each neuron. After recording, we confirmed that mEPSCs and mIPSCs were completely abolished by 10 µM CNQX (Sigma) and 10 µM bicuculline methiodide (Sigma), respectively.

Paired-Pulse Stimulation {#s2g}
------------------------

To analyze presynaptic plasticity at excitatory synapses, we added 0.1 mM picrotoxin and 4 μM 2-chloroadenosine to the perfusate and performed paired-pulse stimulation at −60 mV. To analyze presynaptic plasticity at inhibitory synapses, we added 0.1 mM APV and 4 μM 2-chloroadenosine to the perfusate and performed paired-pulse stimulation at +15 mV. To evaluate the paired-pulse ratio from the EPSC or IPSC average, 50--100 sweeps were recorded with paired stimuli at 100-ms intervals. The ratio of the second amplitude to the first amplitude was calculated as the paired-pulse ratio.

Current Clamp Recordings {#s2h}
------------------------

For current clamp recordings, pipettes were filled with 130 mM K-Gluconate, 5 mM KCl, 10 mM HEPES, 2.5 mM MgCl~2~, 4 mM Na~2~ATP, 0.4 mM Na~3~GTP, 10 mM Na-phosphocreatine, and 0.6 mM EGTA at pH 7.25. Liquid junction potential was not corrected. During 300-ms current injections from −100 to +400 pA, we counted the numbers of spikes in neurons. To determine the threshold for each neuron, we identified the minimal voltage for action potential induction*.* The amplitude of afterhyperpolarization was evaluated by measuring the voltage at spike initiation and the lowest voltage during AHP ([@BHW134C73]).

To further examine the role of AMPA and NMDA receptors on changes of intrinsic properties, CNQX (1 µg/µL) or APV (1 µg/µL) was unilaterally microinjected into the M1 prior to the motor training. After the 10 sessions of training on day 1, we made acute brain slices of drug-injected side for the current clamp analyses (Fig. [7](#BHW134F7){ref-type="fig"})

Western Blotting {#s2i}
----------------

Western blotting was performed according to the previous study ([@BHW134C77]). Thirty minutes after training, the brain was removed and incubated for 3 min in ice-cold buffer containing 0.32 M sucrose and 20 mM Tris--HCl (pH 7.5). Dissected motor cortical tissues were homogenized in 200 µL of buffer containing 50 mM Tris--HCl (pH 7.4), 0.5% Triton X-100, 0.5 M NaCl, 10 mM EDTA, 4 mM EGTA, 1 mM Na~3~VO~4~, 50 mM NaF, 40 mM sodium pyrophosphate, 1 mM protease inhibitor, and 1 mM DTT. Insoluble material was removed by a 10-min centrifugation at 15,000 rpm.

For the analysis of synaptosomal fraction, we used the Syn-PER Reagent (Thermo Scientific) with protease/phosphatase inhibitor cocktail (100×). Briefly, samples were centrifuged at 1200 G for 10 min, and the remaining supernatant centrifuged at 15 000 G for 20 min to obtain synaptosome pellet. The resulting pellet was resuspended in 50 μL of lysis buffer. Samples containing equivalent amounts of protein based on the bicinchoninic acid analysis (Thermo Scientific, Rockford, IL, USA) were heated at 100°C for 3 min in Laemmli sample buffer and subjected to SDS-PAGE for 30 min at 200 V. Proteins were transferred to an Immobilon PVDF membrane for 1 h at 100 V. Membranes were blocked for 1 h at room temperature in T-TBS solution containing 50 mM Tris--HCl (pH 7.5), 150 mM NaCl, 0.1% Tween 20, and 5% skim milk, followed by overnight incubation at 4°C with anti-GluA1 (1:1000; Millipore, Tokyo, Japan), anti-phospho-GluA1 (Ser^831^) (1:1000; Millipore), and anti-β-Tubulin (1:1000; BioLegend, San Diego, CA, USA). This step was followed by incubation with HRP-conjugated goat anti-rabbit IgG for phospho-GluA1 (1:5000, Millipore) and HRP-conjugated goat anti-mouse IgG (1:5000, Millipore) for GluA1 and β-Tubulin.

Bound antibodies were visualized using an enhanced chemiluminescence detection system (GE Healthcare, Chalfont St. Giles, UK) and semiquantitatively analyzed using the Image-J program (National Institutes of Health, Bethesda, MD, USA).

Histology {#s2j}
---------

To confirm the injected sites, we further microinjected a retrograde tracer after the behavioral experiment (Fig. [1](#BHW134F1){ref-type="fig"}*E*, LumaFluor Inc., Durham, NC, USA). The animals were deeply anesthetized and perfused with a 4% paraformaldehyde solution. Frozen coronal sections (50-µm thick) were sequentially cut using a microtome. The location of the microinjected site was microscopically verified in the frozen sections.

Some rats were used for hematoxylin staining without the tracer microinjection (Fig. [1](#BHW134F1){ref-type="fig"}*F*). The animals were deeply anesthetized and perfused transcardially with phosphate-buffered saline, followed by 4% paraformaldehyde in phosphate buffer. The brain was removed and post-fixed in 4% paraformaldehyde for 4--12 h. The brain was embedded in paraffin, and then cut into coronal sections (4-μm thick) with the microtome. Sections were affixed to silane-coated glass slides for staining.

Data Analysis {#s2k}
-------------

To determine the development of motor skill, the data on the latency to fall were analyzed by one-way analysis of variance (ANOVA) with repeated-measures followed by post hoc analysis with the Fisher\'s protected least significant difference (PLSD) test, where variable was trial. To compare the latency to fall between the drug-injected groups, we used 2-way ANOVA with repeated-measures, followed by post hoc ANOVAs with the Fisher\'s PLSD test. To compare the differences between 2 groups in open field study, we used unpaired 2-tailed *t*-test.

To compare the means of multiple individual groups, we used one-way factorial ANOVA followed by post hoc analysis with Fisher\'s PLSD test. E/I balance was analyzed using the Kruskal--Wallis test followed by post hoc analysis with Scheffe\'s test. To evaluate correlations between mEPSC and mIPSC parameters, we calculated Spearman\'s correlation coefficient. The current injection data were analyzed by 2-way ANOVA with repeated measures followed by post hoc ANOVAs with the Fisher\'s PLSD test. *P* values of \<0.05 were considered statistically significant.

Results {#s3}
=======

Rats were subjected to the rotor rod test (Fig. [1](#BHW134F1){ref-type="fig"}*A*). Figure [1](#BHW134F1){ref-type="fig"}*B* shows the average latency to falling from the rotating rod, with longer latency considered to indicate better motor performance. On the first training day, rats clearly improved their motor performance from their first to last trial. On the second training day, their performance reached nearly asymptotic levels, indicating that 2 days of training was sufficient for them to acquire the motor skill. One-way repeated-measures ANOVA found the main effect of trial (*F*~(19,439)~ = 17.224; *P* \< 0.001). Briefly, the average latency was 54.8 ± 11.9 s at the first trial, 189.5 ± 17.0 s at the final trial on the first day and 243.5 ± 10.7 s at the final trial on the second day, respectively (Fig. [1](#BHW134F1){ref-type="fig"}*C*). Compared with the latency at first trial, post hoc analysis further showed significant improvements at final trials on the first (*P* \< 0.01) and second training days (*P* \< 0.01).

To examine the role of glutamatergic transmission on behavioral performance, we bilaterally microinjected the AMPA receptor antagonist CNQX (1 μg/μL), the NMDA receptor antagonist APV (1 μg/μL), or vehicle (13% DMSO, 1 μL) into M1 layer II/III immediately after the 10th rotor rod trial (Fig. [1](#BHW134F1){ref-type="fig"}*D*). In this study, 2-way repeated-measures ANOVA found the main effect of trial (*F*~(14,330)~ = 11.44; *P* \< 0.001). However, neither the main effects of drug (*F*~(2,330)~ = 1.268; *P* = 0.28) nor the interaction (*F*~(28,\ 330)~ = 1.155; *P* = 0.27) were significant, since the data of Figure [1](#BHW134F1){ref-type="fig"}*D* contains many points before the drug injection.

Motor performance was transiently impaired following bilateral microinjection of CNQX, but not vehicle or APV, suggesting a role of AMPA receptors on skilled motor performance (*F*~(2,15)~ = 3.08; *P* = 0.046, one-way factorial ANOVA). We confirmed microinjected sites by the retrograde tracer (Fig. [1](#BHW134F1){ref-type="fig"}*E*) and hematoxylin staining (Fig. [1](#BHW134F1){ref-type="fig"}*F*). Guide cannula implantation and drug microinjection induced neither gliosis nor intracranial hemorrhage.

CNQX may induce a transient motor deficit in 1-day trained rats. To confirm the possible deficit, we bilaterally microinjected CNQX immediately after the 10th trial in the 1-day trained rats, and then checked open field performances instead of additional rotor rod test (Fig. [1](#BHW134F1){ref-type="fig"}*G*). The microinjections of CNQX affect neither traveled distance (*t* = 0.48, *P* = 0.65, unpaired *t*-test) nor the duration in the areas (*t* = 0.75, *P* = 0.48, unpaired *t*-test).

We also performed bilateral microinjection of CNQX, APV, or vehicle prior to the first training (Fig. [1](#BHW134F1){ref-type="fig"}*H*). Two-way repeated-measures ANOVA found the main effects of drug (*F*~(2,450)~ = 91.97; *P* \< 0.001) and trial (*F*~(29,450)~ = 9.45; *P* \< 0.001), but the interaction was not significant (*F*~(58,450)~ = 0.61; *P* = 0.99). Compared with vehicle injected controls, post hoc ANOVA showed significant impairment of motor performance after the bilateral pretreatment with CNQX (*F*~(1,300)~ = 147.49; *P* \< 0.001) or APV (*F*~(1,300)~ = 148.17; *P* \< 0.001). Further post hoc comparison at each trial was shown in Figure [1](#BHW134F1){ref-type="fig"}*H*.

To investigate motor training-dependent plasticity at the synapse level, we prepared acute brain slices for voltage clamp analyses (Fig. [2](#BHW134F2){ref-type="fig"}*A*). We electrically stimulated horizontal connections to evoke EPSC in layer II/III neurons, and analyzed AMPA receptor-mediated currents at −60 mV and NMDA receptor-mediated currents at +40 mV. The AMPA/NMDA ratio was 309.5 ± 31.4% in untrained, 458.2 ± 36.6% in 1-day trained, and 353.8 ± 30.6% in 2-days trained rats. One-way factorial ANOVA followed by post hoc analysis showed a significant increase in AMPA/NMDA ratio in 1-day trained rats compared with that in untrained rats (Fig. [2](#BHW134F2){ref-type="fig"}*B* and *C*; *F*~(2,148)~ = 4.96; *P* = 0.008). We did not observe a high ratio in 2-days trained rats, probably due to the increased NMDA currents ([@BHW134C74]). Figure 2.(*A*) Experimental design for patch clamp and Western blot. (*B*) Representative traces (upper) and mean AMPA/NMDA ratios (lower). \*\**P \<*0.01 versus untrained. The number of neurons is shown at the bottom of each bar. Error bars indicate ± SEM. The number of neurons is shown at the bottom of each bar. (*C*) Cumulative distributions of AMPA/NMDA ratios of layer II/III neurons in untrained (open), 1-day trained (gray), and 2-days trained (filled) rats.

Phosphorylation of the AMPA receptor GluA1 subunit at Ser^831^ seems to be required for receptor trafficking into the postsynaptic membrane to induce hippocampal LTP ([@BHW134C35]; [@BHW134C75]). To analyze the phosphorylation using Western blot, we trimmed M1 tissue containing surface layers (layers I--III, Fig. [3](#BHW134F3){ref-type="fig"}). Although GluA1 protein levels in the whole-cell fractions were not changed on test days (Fig. [3](#BHW134F3){ref-type="fig"}*B*; untrained, 100.0 ± 8.8%, 1-day trained, 92.6 ± 12.2%, 2-days trained, 84.6 ± 21.7%; *F*~(2,21)~ = 0.30; *P* = 0.75, one-way factorial ANOVA), Ser^831^ phosphorylation of the GluA1 subunit was significantly increased at 30 min after motor training in both 1-day and 2-days trained rats (Fig. [3](#BHW134F3){ref-type="fig"}*C*; untrained, 100.0 ± 8.2%, 1-day trained, 140.6 ± 14.3%, 2-days trained, 137.9 ± 13.3%; *F*~(2,21)~ = 3.15; *P* = 0.044, one-way factorial ANOVA). Figure 3.(*A*) Trimmed cortical tissues containing surface layers of M1 (layer I--III) were analyzed by Western blot. Molecular masses of standards are indicated on the right. (*B*) Total GluA1 was normalized to total β-Tubulin. (*C*) The phosphospecific signal of Ser^831^ GluA1 was normalized to total GluA1. Motor training significantly increased Ser^831^ phosphorylation in crude tissue extracts. (*D*) Western blot of cytosol and synaptosomal fraction. (*E*) Normalized GluA1 levels in the synaptosomal fraction were significantly increased in 1-day trained rats. (*F*) The phosphospecific signal of Ser^831^ GluA1 normalized to total GluA1 did not change in the synaptosomal fraction. \**P \<*0.05, \*\**P \<*0.01 versus untrained. The number of rats in each group is shown at the bottom of each bar. Error bars indicate ± SEM.

We further assessed the Ser^831^ phosphorylation in the synaptosomal fraction of the trimmed cortical tissue (Fig. [3](#BHW134F3){ref-type="fig"}*D*). Although the 1-day trained rats exhibited a significant increase in GluA1 subunit (Fig. [3](#BHW134F3){ref-type="fig"}*E*; untrained, 100.0 ± 7.8%, 1-day trained, 147.5 ± 3.7%, 2-days trained, 83.7 ± 7.6%; *F*~(2,21)~ = 22.4; *P* \< 0.001, one-way factorial ANOVA), normalized levels of Ser^831^ phosphorylation were not changed (Fig. [3](#BHW134F3){ref-type="fig"}*F*; untrained, 100.0 ± 7.5%, 1-day trained, 86.3 ± 7.5%, 2-days trained, 100.9 ± 11.6%; *F*~(2,21)~ = 0.76; *P* = 0.48, one-way factorial ANOVA). By analyzing the PSD95 expression, we confirmed the validity of the fraction.

We recorded miniature EPSCs (mEPSCs) in the presence of 0.5 µM TTX (Fig. [4](#BHW134F4){ref-type="fig"}*A*) at −60 mV. One-day trained rats exhibited a significant increase only in mEPSC amplitude, while 2-days trained rats exhibited significant increases in both mEPSC amplitude (Fig. [4](#BHW134F4){ref-type="fig"}*B*; untrained, 13.9 ± 0.1 pA, 1-day trained, 15.9 ± 2.1 pA, 2-days trained, 17.5 ± 0.7 pA; *F*~(2,187)~ = 7.21; *P* \< 0.001, one-way factorial ANOVA) and frequency (Fig. [4](#BHW134F4){ref-type="fig"}*C*; untrained, 49.3 ± 6.8 events/5 min, 1-day trained, 58.5 ± 13.7 events/5 min, 2-days trained, 84.8 ± 14.3 events/5 min; *F*~(2,187)~ = 2.37; *P*= 0.042, one-way factorial ANOVA). These results suggested that motor training increased the number of postsynaptic AMPA receptors. Within the same neuron, we sequentially measured mIPSCs at +15 mV. 1-day trained rats exhibited a significant decrease in mIPSC frequency (Fig. [4](#BHW134F4){ref-type="fig"}*C*; untrained, 292.1 ± 32.6 events/5 min, 1-day trained, 125.2 ± 12.3 events/5 min, 2-days trained, 276.9 ± 33.4 events/5 min; *F*~(2,\ 187)~ = 9.24; *P* \< 0.001, one-way factorial ANOVA), while mIPSC amplitude did not significantly differ among groups (Fig. [4](#BHW134F4){ref-type="fig"}*B*; untrained, 30.5 ± 1.5 pA, 1-day trained, 30.1 ± 1.7 pA, 2-days trained, 30.3 ± 1.5; *F*~2,187~ = 0.02; *P*= 0.98, one-way factorial ANOVA). To analyze the similarities of amplitudes or frequencies between mEPSCs and mIPSCs, each mEPSC value was plotted against the mIPSC value (Fig. [4](#BHW134F4){ref-type="fig"}*B* and *C*). In both training groups, amplitudes were significantly correlated between mEPSCs and mIPSCs (Fig. [4](#BHW134F4){ref-type="fig"}*B*; untrained, *ρ* = 0.20, *P* = 0.10; 1-day trained, *ρ* = 0.48, *P* \< 0.001; 2-days trained, *ρ* = 0.28, *P* = 0.02, Spearman\'s test), while frequencies were not correlated (Fig. [4](#BHW134F4){ref-type="fig"}*C*; untrained, *ρ* = 0.18, *P* = 0.16; 1-day trained, *ρ* = 0.06, *P* = 0.63; 2-days trained, *ρ* = 0.15, *P* = 0.25, Spearman\'s test). We recorded the data from a large number of cells to analyze a diversity of synaptic inputs and the correlation. Figure 4.(*A*) Representative traces of mEPSCs and mIPSCs in M1 layer II/III neurons. (*B*) Plots of mEPSC and mIPSC amplitudes in untrained (open), 1-day trained (gray), and 2-days trained (filled) rats. (*C*) Plots of mEPSC and mIPSC frequencies. (*D*) E/I balance for the amplitude, (*E*) frequency, and (*F*) deviation of E/I balance for frequency. \**P \<*0.05, \*\**P \<*0.01 versus untrained. ^\#^*P \<*0.05 versus 1-day trained. The number of neurons is shown at the bottom of each bar. Error bars indicate ± SEM.

We further calculated the excitation and inhibition (E/I) balance for amplitude and frequency. The 2-days trained rats showed a significantly increased E/I balance for amplitude compared with that of the untrained rats (Fig. [4](#BHW134F4){ref-type="fig"}*D*; untrained, 0.54 ± 0.04, 1-day trained, 0.56 ± 0.03, 2-days trained, 0.66 ± 0.04; *H* = 11.1; *P* = 0.002, Kruskal--Wallis test). The E/I balance for frequency tended to increase in the 1-day trained rats, but decreased significantly in the 2-days trained rats (Fig. [4](#BHW134F4){ref-type="fig"}*E*; untrained, 0.72 ± 0.21, 1-day trained, 7.23 ± 5.11, 2-days trained, 0.50 ± 0.19; *H* = 12.8; *P* = 0.017, Kruskal--Wallis test). We further calculated the E/I balance deviation as the absolute value of the difference between the individual values and the mean value. The 1-day trained rats showed a significantly wider E/I deviation compared with the untrained or 2-days trained rats (Fig. [4](#BHW134F4){ref-type="fig"}*F*; untrained, 0.90 ± 0.18, 1-day trained, 12.55 ± 5.28, 2-days trained, 0.59 ± 0.16; *H* = 126.4; *P* \< 0.001, Kruskal--Wallis test).

To examine presynaptic plasticity, we analyzed paired-pulse ratio after motor training. At the excitatory synapses, the paired-pulse ratio for evoked EPSCs was significantly decreased in 2-days trained rats, suggesting a long-term increase in presynaptic glutamate release probability (Fig. [5](#BHW134F5){ref-type="fig"}*A*; untrained, 0.70 ± 0.04, 1-day trained, 0.64 ± 0.03, 2-days trained, 0.57 ± 0.04; *F*~(2,85)~ = 3.25; *P* = 0.044, one-way factorial ANOVA; *P =*0.013, Fisher\'s PLSD). Conversely, at the inhibitory synapses, the paired-pulse ratio for evoked IPSCs was significantly increased in 1-day trained rats, suggesting a transient decrease in the presynaptic GABA release probability (Fig. [5](#BHW134F5){ref-type="fig"}*B*; untrained, 0.67 ± 0.04, 1-day trained, 0.75 ± 0.05, 2-days trained, 0.66 ± 0.04; *F*~(2,\ 118)~ = 5.23; *P* = 0.007, one-way factorial ANOVA; *P =*0.016, Fisher\'s PLSD). Figure 5.(*A*) Representative traces of paired-pulse responses with a 100-ms inter-stimulus interval. AMPA receptor-mediated paired-pulse ratio in untrained (open), 1-day trained (gray), and 2-days trained (filled) rats. (*B*) Representative traces and GABA~A~ receptor-mediated paired-pulse response. \**P \<*0.05 versus untrained. The number of neurons is shown at the bottom of each bar. Error bars indicate ± SEM.

Finally, to investigate motor training-dependent intrinsic plasticity in M1 layer II/III neurons, we prepared acute brain slices for current clamp analyses. As shown in representative traces in Figure [6](#BHW134F6){ref-type="fig"}*A*, 1-day trained rats induced less spikes, but 2-days trained rats induced much more spikes than untrained rats. Figure [6](#BHW134F6){ref-type="fig"}*B* shows the relationship between current intensity and number of action potentials. Two-way repeated-measures ANOVA found the main effects of motor training (*F*~(2,\ 2587)~ = 29.82; *P* \< 0.001) and injected current (*F*~(13,\ 2587)~ = 483.63; *P* \< 0.001). Significant interaction was also observed between training and current (*F*~(26,2587)~ = 24.01; *P* \< 0.001). Compared with untrained control, post hoc ANOVA showed less number of spikes in 1-day trained rats (*F*~(1,1664)~ = 9.78; *P* = 0.002), while more spikes were observed in 2-days trained rats (*F*~(1,1755)~ = 18.68; *P* \< 0.001). Figure 6.(*A*) Example traces of action potentials induced by current injections. (*B*) Mean input/output relationship in untrained (open), 1-day trained (gray), and 2-days trained (filled) rats. (*C*) Mean resting membrane potentials, threshold, and amplitude of the AHP. (*D*) Mean membrane resistance and series resistance. \**P \<*0.05, \*\**P \<*0.01 versus untrained. The number of neurons is shown at the bottom of each bar. Error bars indicate ± SEM.

The 2-days trained rats also showed a significant increase in resting membrane potential compared with other groups (Fig. [6](#BHW134F6){ref-type="fig"}*C*; untrained, −71.0 ± 0.6 mV, 1-day trained, −72.7 ± 0.5 mV, 2-days trained, −68.7 ± 0.7 mV; *F*~(2,\ 199)~ = 11.5; *P* \< 0.001, one-way factorial ANOVA; *P*= 0.007, Fisher\'s PLSD). The threshold was also significantly increased in the 1-day trained rats compared with untrained rats (Fig. [6](#BHW134F6){ref-type="fig"}*C*; untrained, −34.8 ± 1.0 mV, 1-day trained, −30.4 ± 1.0 mV, 2-days trained, −36.5 ± 1.1 mV; *F*~(2,\ 199)~ = 9.51; *P* \< 0.001, one-way factorial ANOVA; *P*= 0.003, Fisher\'s PLSD). Moreover, the 1-day trained rats exhibited the largest AHP amplitude (Fig. [6](#BHW134F6){ref-type="fig"}*C*; untrained, −5.2 ± 0.5 mV, 1-day trained, −9.4 ± 0.5 mV, 2-days trained, −5.3 ± 0.3 mV; *F*~(2,199)~ = 30.9; *P* \< 0.001, one-way factorial ANOVA; *P*\< 0.001, Fisher\'s PLSD). Membrane resistance was significantly increased in the 2-days trained rats (Fig. [6](#BHW134F6){ref-type="fig"}*D*; untrained, 69.6 ± 4.5 MΩ, 1-day trained, 76.2 ± 3.7 MΩ, 2-days trained, 86.8 ± 5.9 MΩ; *F*~(2,199)~ = 3.26; *P* = 0.040, one-way factorial ANOVA; *P*= 0.013, Fisher\'s PLSD), while the groups did not significantly differ with regard to series resistance (Fig. [6](#BHW134F6){ref-type="fig"}*D*; *F*~(2,199)~ = 0.66; *P*= 0.51, one-way factorial ANOVA) and membrane capacitance (data not shown; *F*~(2,\ 199)~ = 1.63; *P*= 0.16, one-way factorial ANOVA).

To investigate whether AMPA and/or NMDA receptor mediate the intrinsic plasticity, we microinjected vehicle, CNQX, or APV before the motor training in 1-day trained rats. As shown in representative traces in Figure [7](#BHW134F7){ref-type="fig"}*A*, pretreatment of CNQX or APV induced more spikes than vehicle-injected 1-day trained rats, suggesting AMPA and/or NMDA receptor-mediated the intrinsic plasticity. Figure [7](#BHW134F7){ref-type="fig"}*B* shows the relationship between current intensity and number of action potentials. Two-way repeated-measures ANOVA found the main effects of drug (*F*~(2,1053)~ = 7.74; *P* \< 0.001) and injected current (*F*~(13,1053)~ = 161.02; *P* \< 0.001). Significant interaction was also observed between drug and current (*F*~(26,1053)~ = 5.99; *P* \< 0.001). Compared with vehicle injected rats, post hoc ANOVA showed significant increase in the number of spikes in CNQX (*F*~(1,\ 702)~ = 9.86; *P* = 0.003) or APV injected rats (*F*~(1,\ 702)~ = 14.44; *P* \< 0.001). Figure 7.(*A*) Example traces of action potentials in 1-day trained rats. Either vehicle, CNQX, or APV was microinjected into the M1 before the first trial. (*B*) Mean input/output relationship in vehicle (open), CNQX (gray), and APV (filled). (*C*) Mean resting membrane potentials, threshold, and amplitude of the AHP. (*D*) Mean membrane resistance and series resistance. \**P* \< 0.05, \*\**P \<*0.01 versus vehicle. The number of neurons is shown at the bottom of each bar. Error bars indicate ± SEM.

Although neither drug affects the resting membrane potential (Fig. [7](#BHW134F7){ref-type="fig"}*C*; vehicle, −71.4 ± 0.6 mV, CNQX, −69.4 ± 1.2 mV, APV, −68.6 ± 1.7 mV; *F*~(2,\ 81)~ = 1.40; *P* = 0.25, one-way factorial ANOVA), CNQX injected rats showed significantly lower threshold (Fig. [7](#BHW134F7){ref-type="fig"}*C*; vehicle, −21.0 ± 1.7 mV, CNQX, −28.0 ± 1.2 mV, APV, −24.8 ± 2.6 mV; *F*~(2,81)~ = 3.13; *P* = 0.048, one-way factorial ANOVA; *P* = 0.014, Fisher\'s PLSD) and higher AHP amplitude (Fig. [7](#BHW134F7){ref-type="fig"}C; vehicle, −10.5 ± 0.9 mV, CNQX, −7.6 ± 1.2 mV, APV, −7.3 ± 0.8 mV; *F*~(2,81)~ = 3.29; *P* = 0.04, one-way factorial ANOVA; *P* = 0.039 for CNQX, *P*= 0.023 for APV, Fisher\'s PLSD) than vehicle injected rats. Both CNQX and APV injected rats showed significantly higher membrane resistance than vehicle injected rats (Fig. [7](#BHW134F7){ref-type="fig"}*D*; vehicle, 50.5 ± 3.8 MΩ, CNQX, 77.2 ± 7.8 MΩ, APV, 83.3 ± 8.3 MΩ; *F*~(2,199)~ = 6.49; *P* = 0.0024, one-way factorial ANOVA; *P*= 0.007 for CNQX, *P*= 0.001 for APV, Fisher\'s PLSD), while neither drug affected the series resistance (Fig. [7](#BHW134F7){ref-type="fig"}*D*; *F*~(2,83)~ = 0.93; *P*= 0.40, one-way factorial ANOVA). Both CNQX and APV injected rats showed significantly lower membrane capacitance than vehicle injected rats (data not shown; *F*~(2,83)~ = 5.04; *P*= 0.009, one-way factorial ANOVA).

Compared with the uninjected group (1-day trained in Fig. [6](#BHW134F6){ref-type="fig"}*D*), vehicle injection seems to increase the threshold of action potential and decrease the membrane resistance (Fig. [7](#BHW134F7){ref-type="fig"}*D*), which is known to affect the membrane excitability ([@BHW134C53]; [@BHW134C27]).

Discussion {#s4}
==========

Role of Glutamatergic Transmission in the M1 {#s4a}
--------------------------------------------

We confirmed the role of glutamatergic transmission of the M1 in motor skill performance in Figure [1](#BHW134F1){ref-type="fig"}. Bilateral microinjection of CNQX immediately after motor skill acquisition impaired the motor performance, suggesting that AMPA receptor activation is necessary to maintain acquired motor skills (Fig. [1](#BHW134F1){ref-type="fig"}*D*). Since the transient effect of CNQX did not affect open field performance (Fig. [1](#BHW134F1){ref-type="fig"}*G*), it is possible that AMPA receptor-mediated glutamatergic transmission in the M1 is closely associated with the acquired motor skill rather than the basic motor activity.

Conversely, bilateral microinjection of either APV or CNQX prior to motor skill acquisition successfully impaired motor performance, suggesting that motor skill acquisition requires both NMDA and AMPA receptors. In support of this, mice lacking NMDA receptor specifically in the M1 (*Grin1*-vΔ^MCx^) showed clear impairment of conditioned eye-blink responses ([@BHW134C22]).

CNQX microinjections prior to the motor training exhibited longer effect for motor learning (Fig. [1](#BHW134F1){ref-type="fig"}*H*). In contrast, the microinjections after the training attenuated the performance transiently (Fig. [1](#BHW134F1){ref-type="fig"}*D*). These findings led us the hypothesis that microinjections of CNQX or APV before the training may block the calcium triggered plasticity and learning, while activated postsynaptic AMPA receptor turnover after training may shorten the effect of CNQX. To prove the hypothesis, further study is necessary to compare the AMPA receptor recycling and insertion of AMPA receptors ([@BHW134C49]; [@BHW134C54]) before and after the motor training.

Glutamatergic Plasticity {#s4b}
------------------------

Motor training induces LTP in M1 layer II/III neurons ([@BHW134C58]; [@BHW134C21]), but little is known regarding the detailed mechanisms of plasticity at the synapse level. To investigate this subject, we analyzed synaptic plasticity in layer II/III neurons using a voltage clamp technique. The 1-day trained rats showed an increased amplitude but not frequency of mEPSCs, suggesting increased postsynaptic AMPA receptors in the early phase of motor learning. On the other hand, the 2-days trained rats showed an increase in mEPSC frequency and a decrease in paired-pulse ratio, suggesting increased presynaptic glutamate release during the late phase of learning.

Previous studies reveal that AMPA receptor phosphorylation is induced by calcium/calmodulin-dependent protein kinase II for AMPA receptor delivery ([@BHW134C16]; [@BHW134C65]; [@BHW134C38]). Our Western blot results showed increased Ser^831^ phosphorylation of the AMPA receptor GluA1 subunit at 30 min, and synaptosomal GluA1 subunit in 1-day trained rats, suggesting that acute motor training induced AMPA receptor delivery into the excitatory synapses. Consistently, mice trained forelimb reaching task increased synaptosomal GluA1 in the forelimb region of the motor cortex ([@BHW134C48]).

Morphologically, quantitative electron microscopy indicated an increased number of synapses per neuron after motor training ([@BHW134C32]). Moreover, previous in vivo imaging studies clearly show rapid synapse formation and stabilization after motor training in mice expressing YFP neurons ([@BHW134C76]; [@BHW134C78]). Using GluA1 subunit tagged with a pH-sensitive form of GFP (SEP-GluA1), [@BHW134C81]) further demonstrated dynamic insertion of the subunit at dendritic spines in the barrel cortex after the somatosensory experiences. Although the morphological dynamics is still unknown in the motor cortex, present data provide a functional evidence of plasticity at excitatory synapses after motor training. In addition to motor training induced increases in AMPA receptor response (Fig. [4](#BHW134F4){ref-type="fig"}*B*), we found long-term increase in presynaptic glutamate release probability in 2-days trained rats (Fig. [5](#BHW134F5){ref-type="fig"}*A*).

GABAergic Plasticity {#s4c}
--------------------

After motor training, we observed GABA~A~ receptor-mediated inhibitory plasticity at the synapses of M1 layer II/III. The decreased mIPSC frequency and increased paired-pulse ratio in the 1-day trained rats suggest a decreased presynaptic GABA release probability during the early stage of training. While a drastic increase in E/I balance may cause seizures, a transient decrease in resting membrane potential seems to prevent increased neural activity in 1-day trained rats. Interestingly, the transient reduction of GABAergic inhibition appears consistent with human studies in which magnetic resonance spectroscopy shows a reduced GABA concentration in the M1 during the acute learning stage ([@BHW134C15]; [@BHW134C69]). Moreover, in vivo 2-photon imaging study further demonstrated subtype-specific rapid elimination of inhibitory boutons on distal dendrites of layer II/III neurons after motor training: somatostatin- but not parvalbumin-expressing GABAergic neurons decrease the axonal boutons immediately after the motor training began ([@BHW134C7]).

Since transient suppression of local GABA~A~ inhibition is necessary for long-term potentiation (LTP) in the motor cortex ([@BHW134C23]; [@BHW134C6]), the decrease in GABA release probability may promote AMPA receptor-mediated plasticity for motor skill learning in 1-day trained rats. Then, 2-days trained rats restored the GABA release probability and balanced E/I ratio. Although the role of the long-term plasticity of both inhibitory and excitatory synapses is still unknown, it may contribute to the reorganization of central motor representation of M1 after skill training ([@BHW134C29]; [@BHW134C8]; [@BHW134C31]).

We also identified a significant relationship between mEPSC and mIPSC amplitude after motor learning. This observation seems consistent with previous findings in the prefrontal cortex ([@BHW134C20]) and the hippocampus ([@BHW134C40]). Since contextual training slightly decreased presynaptic glutamate release probability at hippocampal CA1 synapses ([@BHW134C40]), the styles of learning-induced plasticity seems to vary among different brain areas and different types of learning.

The transient decrease in GABAergic inhibition after 1 day of training may increase seizure risk. Exercise acutely increases neural activity in the cortex and, thus, physical exercise has been discouraged for patients with epilepsy ([@BHW134C47]; [@BHW134C67]). However, considerable evidence also suggests that exercise does not always trigger epileptic seizure ([@BHW134C60]; [@BHW134C45]), since long-term exercise instead helps to prevent such seizures ([@BHW134C52]; [@BHW134C55]). Although many papers focused on the exercise-induced seizures, it is possible that the first step of plasticity (disinhibition from GABA) acutely increases a risk of seizure. Considering the importance of GABA/glutamate balance as a cause of seizure ([@BHW134C3]; [@BHW134C56]), large clinical study about the skill training and seizure may help us to understand the disease mechanism.

Changes in Intrinsic Properties {#s4d}
-------------------------------

Using current clamp technique, we examined changes in the intrinsic properties of M1 layer II/III neurons after motor training. The 1-day trained rats showed significantly decreased resting membrane potential, and increases of both spike threshold and amplitude of AHP. The 2-days trained rats exhibited significantly increased resting membrane potential, leading to increased excitability. Repeated evoked firing of M1 neurons induces a long-term increase in membrane excitability in approximately 70% of neurons ([@BHW134C11]; [@BHW134C51]), and here we revealed detailed changes in membrane properties after motor training. Moreover, the high membrane excitability in the 2-days trained rats seems consistent with human studies showing that a decreased motor threshold increases neural activity in the late phase of motor learning ([@BHW134C44]; [@BHW134C12]). The training-dependent changes in both membrane potential and resistance may be specific to the M1 area, since operant conditioning tasks do not affect resting membrane potential or resistance in the piriform cortex ([@BHW134C63]).

It remains unknown what controls the membrane potential and membrane resistance. One candidate is TREK-1, a 2-pore-domain potassium channel that controls the resting membrane potential in the brain ([@BHW134C72]; [@BHW134C25]). Since TREK-1 channel expression results in lower resting membrane potential ([@BHW134C24]), the drastic changes in intrinsic neuronal properties during the early phase of motor learning may depend on potassium currents. Additionally, increased intracellular calcium opens calcium-dependent potassium (KCa) channels, inducing membrane hyperpolarization ([@BHW134C26]; [@BHW134C68]; [@BHW134C2]). Moreover, a recent study demonstrated that KCa channel overexpression reduces input resistance ([@BHW134C17]). Thus, the activation of TREK1 and/or KCa channels may be responsible for changing the resting membrane potential immediately after motor training.

We also found that the spike threshold was transiently increased in the 1-day trained rats, although the mechanism remains unclear. Potassium current mediated by low-threshold voltage-gated potassium channels (K~v~1, K~v~4, and K~v~7) reportedly increases the spike threshold ([@BHW134C80]; [@BHW134C19]; [@BHW134C64]), while sodium channel subunit Na~v~1.6 may play a role in lowering the action potential threshold ([@BHW134C61]). Motor training could acutely increase the potassium channel expression, or decrease the sodium channel expression in layer II/III neurons.

To test whether AMPA or NMDA receptors mediates the changes in the intrinsic excitability, we performed current clamp studies in Figure [7](#BHW134F7){ref-type="fig"}. The pretreatment of CNQX or APV successfully blocked the transient decrease in intrinsic excitability in 1-day trained rats, suggesting that the changes of intrinsic excitability in M1 layer II/III neurons requires activation of both AMPA and NMDA receptors. Blockade of learning-induced transmission by CNQX or APV may increase the excitability in M1 pyramidal neurons in 1-day trained rats, since long-term activity blockade increases the firing rate and spike threshold in cortical pyramidal neurons ([@BHW134C13]). Moreover, NMDA- or non-NMDA receptor-mediated frequent EPSCs (50 Hz) is known to evoke slow Ca^2+^-dependent K^+^ current AHP in pyramidal neurons ([@BHW134C34]). Although it has been unknown whether the training-dependent glutamatergic stimulation induces the AHP, the decrease in the AHP in 1-day trained rats seems to require the activation of both AMPA and NMDA receptors in M1 layer II/III neurons.

Conclusion {#s5}
==========

Our present results revealed dynamic changes in synaptic plasticity and neural properties after motor training within M1, which is traditionally considered an output area for voluntary movements. In the 1-day trained rats, motor training strengthened AMPA receptor-mediated excitatory synapses and drastically reduced presynaptic GABA release probability. Moreover, these animals showed a higher threshold and lower resting membrane potential compared with untrained controls, which may contribute to the homeostatic regulation of firing rates in 1-day trained rats. In the 2-days trained rats, motor training further strengthened AMPA receptor-mediated excitatory synapses together with NMDA receptors and increased presynaptic glutamate release, while increasing the presynaptic GABA release probability. Additionally, E/I balance, threshold, and resting membrane potential decreased to the levels in untrained controls. Based on our findings, we conclude that motor training promotes synaptic plasticity at both excitatory and inhibitory synapses, as well as changes neural properties, such as resting membrane potential and threshold of M1 layer II/III neurons.
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